The renewed interest in cancer metabolism, and specifically arginine deprivation as a targeted approach for the treatment of cancer, has led to encouraging early-phase trials of pegylated arginine deiminase (ADI-PEG20) in patients with several solid cancers deficient in argininosuccinate synthetase-1 (ASS1).^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ Essentially tumours deficient in ASS1, a rate-limiting enzyme for arginine biosynthesis, depend upon extracellular delivery of the amino acid for tumour growth and survival, known as arginine auxotrophy. It is notable that methylation-dependent silencing of the *ASS1* promoter has been identified as a potential mechanism of gene repression in a subset of ASS1-deficient arginine auxotrophic solid tumours.^[@bib6],\ [@bib7]^ Moreover, while the significance for ASS1 loss in cancer is presently unclear, several groups have revealed an association with worse clinical outcome and shorter metastasis-free survival.^[@bib7],\ [@bib8]^ Although, amino-acid deprivation was established originally with asparaginase in the management of haematological cancers, few studies have focused on arginine deprivation in this context, particularly with regard to the *ASS1* gene.

Work in the early 1970s revealed for the first time that arginine was required for the survival of Burkitt lymphoma cells and murine lymphosarcoma cells.^[@bib9],\ [@bib10]^ As ASS1 has not previously been studied in lymphoid malignancy, we screened for ASS1 expression in a large series of primary and relapsed lymphomas with comparative studies in normal lymphoid tissues. Although ASS1 protein was largely absent in both normal and malignant lymphoid tissues, *ASS1* promoter methylation was identified specifically in the latter. Importantly, reactivation of *ASS1* expression by the demethylating agent 5-Aza-dC led to resistance to ADI-PEG20, confirming that *ASS1* promoter methylation modulates drug sensitivity in malignant lymphoid cells. Moreover, arginine depletion induced caspase-dependent cell death and autophagy in tumour cell lines treated with ADI-PEG20. Blocking autophagy with the antimalarial agent chloroquine enhanced the apoptotic effect of ADI-PEG20 in malignant lymphoid cell lines and primary B and T lymphoma cells. Finally, a patient with a refractory cutaneous T cell lymphoma (CTCL) is described, who responded to treatment with ADI-PEG20 on a compassionate programme. The responding tumour was tested retrospectively, with evidence for ASS1 deficiency secondary to promoter methylation. Taken together, our data reveal that *ASS1* is epigenetically regulated in malignant lymphoid cells conferring arginine auxotrophy, and provide a rationale for targeting arginine deprivation to patients with *ASS1-*methylated lymphomas.

Results
=======

ASS1 protein is absent in most normal and malignant lymphoid tissues
--------------------------------------------------------------------

Previously, we reported loss of ASS1 expression linked to epigenetic silencing in several solid tumours.^[@bib11]^ To extend our studies to haematological cancers, we performed an initial immunohistochemical screen of ASS1 in a wide range of primary lymphomas ([Figure 1a](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). Although ASS1 is considered an ubiquitously expressed protein, there was a distinct lack of ASS1 protein expression in the normal tonsil and in reactive lymph nodes ([Figure 1a](#fig1){ref-type="fig"}). We showed that most B-cell lymphomas were negative for ASS1 protein expression, while ∼35% of CTCL expressed ASS1. Notably, there was no evidence of ASS1 expression at subsequent relapse based on a large cohort of patients with serial biopsies of mantle cell and Hodgkin\'s lymphomas ([Table 1](#tbl1){ref-type="table"}).

Frequent *ASS1* methylation in malignant but not normal lymphoid cells and tissues
----------------------------------------------------------------------------------

As immunohistochemistry did not discriminate normal from malignant lymphoid tissues, we focused on the epigenetic status of *ASS1*. Quantitative methylation values were obtained for two CpG loci within the *ASS1* promoter located 373 bp upstream to the transcription start site (TSS) and 7 bp downstream to the TSS, using a panel of normal and malignant lymphoid cell lines and tissues -- the majority being follicular and transformed B-cell malignancies -- screened with the Illumina Infinium DNA methylation platform. The normal immortalised lymphoblastoid cell lines, NcNc and HRC57, as well as normal lymphoid tissues were unmethylated at both CpG islands ([Figure 1b](#fig1){ref-type="fig"}). In contrast, our analysis revealed frequent *ASS1* methylation in the intermediate promoter region (−373 bp) in lymphoma, with the pattern of CpG methylation in the proximal promoter (+7 bp) clustering samples mostly into two populations. One exhibited DNA hypermethylation in the two CpG sites tested whereas the other population was unmethylated in the proximal locus. Only two malignant lymphoma samples were fully unmethylated at both CpG loci tested. In addition, we documented a 50--80% methylation frequency of the *ASS1* promoter across a broad range of lymphomas, whereas all normal lymphoid samples tested were unmethylated, by methylation-specific PCR (MS-PCR) ([Table 1](#tbl1){ref-type="table"}).

Reduced viability of *ASS1-*methylated lymphoid cells treated with ADI-PEG20
----------------------------------------------------------------------------

Next, we screened several lymphoid cell lines for *ASS1* status by MS-PCR, quantitative real-time PCR (qPCR) and western blotting ([Figure 2a](#fig2){ref-type="fig"}). Overall, a good correlation was found between the *ASS1* methylation status, and the levels of *ASS1* mRNA and protein. Indeed, *ASS1* mRNA and protein were detected in the unmethylated normal lymphoid cell lines, NcNc and HRC57; conversely, DNA hypermethylation was identified in the majority of malignant lymphoid cell lines with negligible levels of *ASS1* mRNA and a lack of protein. Then, we addressed the impact of *ASS1* methylation status on lymphoid cell sensitivity to ADI-PEG20, selecting the normal lymphoblastoid cell line, NcNc, and the lymphoma cell lines, Karpas-422 (B cell) and MyLa (T cell), respectively. Cells were treated with increasing concentrations of the arginine-degrading agent ADI-PEG20 (range 0--500 ng/ml) in the presence of citrulline, a key precursor for arginine recycling via endogenous ASS1. Cell number and viability were determined after 2 and 4 days of treatment. The *ASS1*-methylated tumour cell lines, Karpas-422 and MyLa, were sensitive while the normal lymphoblastoid cell line, NcNc, exhibited no difference in proliferation rate or viability with ADI-PEG20 treatment ([Figure 2b](#fig2){ref-type="fig"}).

Sensitivity to ADI-PEG20 is dependent upon methylation of the *ASS1* promoter
-----------------------------------------------------------------------------

To prove that DNA methylation has a role in repressing *ASS1* gene transcription, we tested whether the demethylating agent 5-Aza-dC could reactivate *ASS1* in malignant lymphoid cells. We employed the CTCL cell lines, MyLa and SeAx for these experiments, as B-cells lines (Karpas, WSU and DoHH2) were highly sensitive to low doses of 5-Aza-dC (range 0.1--5 *μ*M; data not shown). MyLa and SeAx cells were exposed to 5 *μ*M of 5-Aza-dC for 8 days followed by either a further 4 days of treatment with 5-Aza-dC alone or combined with ADI-PEG20 (500 ng/ml). Partial DNA demethylation was detected in 5-Aza-dC-treated cells, accompanied by transcriptional activation and synthesis of ASS1 protein in the CTCL lines ([Figures 3a--c](#fig3){ref-type="fig"}). 5-Aza-dC treatment alone led to a 20% reduction in the number of viable CTCL cells compared with untreated controls ([Figure 3d](#fig3){ref-type="fig"}). However, there was no significant difference in the number of viable cells treated with 5-Aza-dC alone or in combination with ADI-PEG20, confirming that the demethylated CTCL cell lines were now insensitive to ADI-PEG20. Thus, our data indicate that *ASS1* promoter methylation is an important determinant of ADI-PEG20 sensitivity and that a failure to upregulate ASS1 protein accounts for the efficacy of arginine-degrading enzymes in lymphoma cells.

ADI-PEG20 induces caspase-dependent apoptosis in *ASS1*-methylated lymphoid cell lines
--------------------------------------------------------------------------------------

Consistent with the effects of ADI-PEG20 on cell proliferation, we observed a significant increase in the sub-G1 population of ADI-PEG20-treated *ASS1*-methylated cells, whereas ASS1-positive normal lymphoblastoid cells were unaffected ([Figure 4a](#fig4){ref-type="fig"}). We identified activation of caspase-3 as well as PARP cleavage in the malignant lymphoma cell lines ([Figures 4c and d](#fig4){ref-type="fig"}). Notably, *ASS1*-methylated lymphoma cell line susceptibility towards ADI-PEG20 was linked to the absence of ASS1 protein expression and to an inability to reinduce gene expression ([Figures 4c and d](#fig4){ref-type="fig"}). In contrast, protection from caspase-dependent cell death was associated with an increase in ASS1 protein expression in NcNc cells ([Figure 4b](#fig4){ref-type="fig"}). This is consistent with previous reports associating induction of *ASS1* gene expression in low arginine conditions in tumour cell lines.^[@bib12]^ Our data suggest that normal lymphoblastoid cells sense changes in arginine availability, and insufficiency triggers *de novo* production of arginine through increased ASS1 expression.

Chloroquine blocks ADI-PEG20-induced autophagy enhancing lymphoma cell apoptosis
--------------------------------------------------------------------------------

Despite evidence of caspase-mediated cell death, the 10--20% increase in the subG1 fraction of lymphoma cells with ADI-PEG20 treatment indicated that autophagy may have a significant prosurvival role as evidenced in ASS1-deficient solid tumour cells.^[@bib13]^ To test whether there was reciprocal induction of autophagy, we used the known autophagy modulator chloroquine and assessed levels of light chain 3 (LC3)-I and its processed (lipidated) form LC3-II in the malignant lymphoid cells. We confirmed that constitutive levels of LC3-II, a marker of ongoing autophagy, were elevated compared with constitutive LC3-I in the malignant lymphoid cells in contrast to normal lymphoblastoid cells ([Figure 5a](#fig5){ref-type="fig"}). Treatment with ADI-PEG20 increased further the levels of LC3-II in normal and malignant lymphoid lines by 1 h, whereas cotreatment with chloroquine led to an accumulation of LC3-II and apoptosis specifically in the malignant lymphoid cells ([Figures 5a and b](#fig5){ref-type="fig"}). Finally, freshly isolated CTCL and primary B (FL and DLBCL) malignant lymphoma cells responded similarly to treatment with ADI-PEG20 and chloroquine with three of four clinical samples showing sensitivity to ADI-PEG20 and marked enhancement when combined with chloroquine, using the ATP ViaLight assay ([Figure 5c](#fig5){ref-type="fig"}). We analysed the ASS1 status of the two cases of primary CTCL showing differential sensitivity to ADI-PEG20: CTCL1 was partially methylated with an absence of ASS1 protein and sensitive to ADI-PEG20, whereas CTCL2 was unmethylated, expressed ASS1 protein, and was resistant to ADI-PEG20, in good agreement with our cell line data ([Figure 5c](#fig5){ref-type="fig"}).

Clinical response to therapy with ADI-PEG20 in a patient with refractory lymphoma
---------------------------------------------------------------------------------

Moving forward into the clinic, a patient with a refractory CTCL (Sezary syndrome) was exposed to single-agent ADI-PEG20 on a compassionate access programme, having progressed on high-dose steroids and standard cytotoxic therapies. Following the first intramuscular dose of ADI-PEG20 (160 IU/m^2^/week), the patient\'s pruritus and skin oedema resolved ([Figures 6a and b](#fig6){ref-type="fig"}) that correlated with a minor reduction in the total white cell count (35--31 × 10^9^/l; normal range 4--11 × 10^9^/l). As expected, the plasma arginine concentration decreased with a corresponding increase in plasma citrulline, the degradation product of ADI-PEG20 activity (data not shown). Analysis of the patient\'s tumour confirmed that the T-cell lymphoma was an ASS1-negative expressor and methylated at the *ASS1* promoter ([Figures 6c and d](#fig6){ref-type="fig"}). The patient was treated with three additional doses, at which point further ADI-PEG20 was discontinued due to an intercurrent infection.

Discussion
==========

Arginine deprivation is under clinical investigation as a metabolic strategy for the treatment of several solid tumours, however, its role in haematological cancers, and lymphoid malignancy in particular, has lagged behind. Furthermore, although ASS1 loss has been identified in recent years as a potential biomarker of arginine auxotrophy in cancer cells, its regulation is complex and cell type-dependent. Thus, the goal of the present study was to understand the basis for the arginine auxotrophy documented in lymphoma cells, by assessing ASS1 expression and regulation in response to the arginine-depleting drug, ADI-PEG20.^[@bib9],\ [@bib10]^ We showed that *ASS1* promoter methylation differentiates lymphoid malignancy from normal lymphoid tissues and moreover that methylated *ASS1* -- rather than absence of ASS1 protein -- may be a more sensitive indicator of lymphoma cell sensitivity to ADI-PEG20.

*ASS1* promoter methylation blocked ASS1 enzyme reinduction following arginine deprivation, and although limited to CTCL lines due to their relative insensitivity to 5-Aza-dC, our demethylation studies support epigenetic silencing as a key factor accounting for the arginine auxotrophy of lymphoid cells. We have reported previously *ASS1* methylation in solid tumour cells but this is the first study to reveal methylation as a determinant of sensitivity to arginine depletion in malignancy. In addition, we noted robust activation of caspase-dependent cell death in *ASS1-*methylated lymphoma cells, in contrast to the resistance of *ASS1-*unmethylated normal lymphoid cells, and the caspase-independent cell killing described previously in prostate cancer cell lines.^[@bib13]^ The importance of cell type and response to arginine deprivation is reinforced by recent studies in melanoma cell lines, which appear to lack *ASS1* promoter methylation yet are ASS1-deficient and ADI-PEG20-sensitive due to HIF-ı*α*-mediated suppression of promoter activity.^[@bib12],\ [@bib14]^ Moreover, our work indicates a need for additional studies of *ASS1* promoter methylation using pyrosequencing and correlating the amount of methylation at specific CpG islands with cancer cell sensitivity to arginine deprivation.

In addition, we noted that in the absence of ASS1 induction, autophagy is a common mechanism of lymphoma cell resistance to arginine deprivation. First identified by Kim *et al.* in prostate cancer cell lines, we confirmed similar findings in lymphoma cell lines, and additionally that chloroquine may have potential as a modulator of the autophagic response in the clinic. Indeed, we observed significant efficacy of chloroquine as a single agent in lymphoma cells confirming recent studies on the inhibitory effects of the antimalarial on lymphomagenesis.^[@bib15]^ Importantly, primary malignant B and T lymphoma cells were more sensitive to the combination of ADI-PEG20 and chloroquine than either agent alone *in vitro.* An alternative approach may employ PI3K inhibitors that are known to suppress autophagy and have been shown recently to potentiate the apoptotic effect of ADI-PEG20 in melanoma cells.^[@bib16],\ [@bib17]^

The apparent repression of the ASS1 enzyme that we observed in normal lymphoid tissues by immunohistochemistry suggests that exogenous arginine is also important in fuelling normal immune cell function. Indeed, many studies have highlighted the immunomodulatory effects of extracellular arginine, while few have addressed the expression and regulation of the rate-limiting enzyme for arginine biosynthesis, ASS1.^[@bib18]^ Interestingly, increased levels of ASS1 have been noted in peripheral blood lymphocytes of patients with autoimmune systemic lupus erythematosus, with levels of the enzyme linked to disease activity.^[@bib19]^ In contrast, arginase-induced arginine depletion has been linked to lymphocyte T hyporesponsiveness and reduced expression of the T-cell receptor CD3*ζ* chain in immune responses against infections, such as Leishmania, and in reduced tumour immunosurveillance.^[@bib20],\ [@bib21]^ Nevertheless, we showed that the unmethylated status of *ASS1* in normal lymphoid cells was linked to the inducibility of ASS1 protein in the presence of ADI-PEG20, indicating that normal immune cells can resist arginine starvation. Importantly, citrulline is a byproduct of ADI-PEG20 catalytic activity and has been shown to overcome T-cell dysfunction secondary to arginine deprivation in cells with constitutive and inducible ASS1.^[@bib22],\ [@bib23]^ Therefore, the availability of citrulline and the unmethylated status of *ASS1* in normal lymphoid cells may ameliorate any potential negative effects of arginine deprivation on the immune system. Further studies of ASS1 and arginine deprivation in normal immune cells are indicated, in addition to continued monitoring of patients for infection (see below) and modulation of tumour immunosurveillance in ongoing clinical trials of arginine-lowering agents.

Finally, we described a patient with therapy-resistant CTCL, who achieved a dramatic but brief improvement in his skin symptoms following ADI-PEG20 treatment. The patient\'s lymphoma displayed *ASS1* promoter methylation and an absence of ASS1 expression, consistent with our lymphoma cell studies. It is noteworthy that the patient was on a tapering dose of steroids, which may have synergised with ADI-PEG20, as reported in a preclinical model of ADI-sensitive leukaemic cells.^[@bib24]^ Furthermore, immunosuppression secondary to long-term steroid exposure and arginine deprivation may have contributed to the accompanying infection, a known complication of advanced CTCL.^[@bib18]^ Nonetheless, the striking clinical response to ADI-PEG20 in a patient with refractory CTCL corroborates our preclinical data that *ASS1* promoter methylation may be a promising biomarker for determining sensitivity to arginine deprivation in lymphomas.

In conclusion, arginine deprivation targeted to *ASS1* promoter methylation may provide a novel approach to the treatment of lymphoid malignancy. Clinical trials employing arginine catabolising enzymes such as ADI-PEG20 combined with modulators of autophagy are warranted in patients with lymphoma, specifically assessing the role of *ASS1* promoter methylation status as a biomarker of treatment response.

Materials and Methods
=====================

Immunohistochemistry
--------------------

Normal (tonsil, reactive lymph node, and bone marrow) and malignant (follicular lymphoma, FL; diffuse large B-cell lymphoma, DLBCL; mantle cell lymphoma, MCL; marginal zone lymphoma, MZL; Burkitt\'s lymphoma, BL, Hodgkin\'s lymphoma, HL; and CTCL lymphoid paraffin sections were stained using an ASS1 antibody (BD Biosciences, Oxford, UK; dilution 1 : 100) and the Ventana Discovery XT System. Several authors scored the sections, obtained using informed patient consent and the approval of the Research Ethics Committees in London, UK and Ioannina, Greece, according to intensity and extent of ASS1 expression: FL (CO, MC, EH, AP); DLBCL, MCL, MZL, HL, BL, (EH, AP, PWS); and CTCL (SW, RC, TM, PWS), as described previously.^[@bib6]^

Methylation profiling
---------------------

Genomic DNA from 20 malignant lymphoma samples (16 primary follicular lymphomas and 4 lymphoma cell lines) and 6 benign samples (4 benign lymph nodes and 2 normal lymphoblastoid cell lines) was bisulphite converted using EZ-DNA Methylation Gold Kit (Zymo Research, Orange, CA, USA) according to protocol. Quantitative methylation profiling of bisulphite-modified DNA (500 ng) was performed using Illumina Infinium Human Methylation 27 assay (Illumina, San Diego, CA, USA).^[@bib25]^

Methylation-specific PCR
------------------------

Genomic DNA was isolated by incubating cell pellets in 500 *μ*l SDS lysis buffer (100 mM NaCl, 10 mM Tris pH 8.0, 1 mM EDTA, 0.5% SDS) containing 100 *μ*g/ml proteinase K at 55°C O/N and extraction with phenol/chloroform. Bisulphite conversion of genomic DNA was performed using the Zymo EZ DNA methylation kit (Cambridge Bioscience Ltd, Cambridge, UK). MS-PCR of a 143-bp fragment located within 265 bp downstream of the TSS was undertaken to determine the methylation status of *ASS1* promoter. In all, 5 *μ*l of bisulphite-modified DNA was used as template for PCR reactions with primers specific for methylated sequences (M): M forward 5′-GTAGGAGGGAAGGGG-TTTTC-3′ M reverse 5′-GCAAAAAACAAATAACCCGAA-3′ or unmethylated sequences (U): U forward 5′-GTAGGAGGGAAGGGGTTTTT-3′ U reverse 5′-ACAAAAAACAAA-TAACCCAAA-3′. CpGenome Universal Methylated DNA and Universal Unmethylated DNA (Millipore Ltd, Watford, UK) were used as positive and negative controls, respectively. PCR conditions were as follows: 8 cycles of 95°C for 2 min, 51.7°C for 30 s and 72°C for 30 s, followed by 32 cycles of 95°C for 30 s, 51.7°C for 30 s and 72°C for 30 s and a final extension at 72°C for 5 min. PCR products were run on a 2% agarose gel, stained with ethidium bromide and visualised using a transilluminator.

Cell culture and reagents
-------------------------

The normal lymphoblastoid B-cell line NcNc, the diffuse large B-cell lymphoma (DLBCL) cell line Karpas-422 (Clare Hall, Cancer Research UK, Potters Bar, UK), the CTCL cell lines MyLa (European Collection of Cell Cultures, Salisbury, UK) and SeAx (a kind gift from Prof Maarten Vermeer, Leiden University Medical Center, Leiden, The Netherlands) were grown in RPMI 1640 with 10% fetal bovine serum and supplemented with antibiotics. Cells were maintained in a humidified incubator containing 10% CO~2~ at 37°C. ADI-PEG20 (recombinant arginine deiminase, formulated with 20 000 mw polyethylene glycol molecule and a specific activity of 6.7 IU/mg) was provided by Polaris Pharmaceuticals, Inc. (San Diego, CA, USA) and used at concentrations from 0 to 500 ng/ml. Cells were harvested post-ADI-PEG20 at days 2--4 with cell line counting performed using a Beckman Vi-Cell cell viability analyser (Beckman Coulter Ltd, High Wycombe, UK). Demethylation experiments were performed using 5-aza-2′-deoxycytidine (0.5--5 μM of 5-Aza-dC, Sigma-Aldrich, Poole, UK) every other day for up to 12 days, with and without ADI-PEG20. Chloroquine (25 *μ*M, Sigma-Aldrich) was added with ADI-PEG20 to assess the effect on LC3 protein turnover and lymphoid cell line viability. Isolated primary B lymphoma cells and CTCL (Sezary syndrome) cells, obtained using informed patient consent and Research Ethics Committee approval, were suspended in freshly prepared culture medium (IMDM; Gibco Biocult, Paisley, UK, including 10% human serum) at a concentration of 5 × 10^5 ^cells/ml, and plated into 96-well plates with the addition of soluble recombinant human CD40L (sCD40L at 100 ng/ml, Enzo Life Sciences, Exeter, UK) and recombinant interleukin-4 (IL-4 at 5 ng/ml, Sigma-Aldrich Co., UK) for 24 h before treatment with ADI-PEG20 for a further 72 h. The effect of chloroquine (25 *μ*M) and doxorubicin (1 *μ*M, a positive control) was assessed also, and cell viability was measured using the ViaLight assay (Lonza, Rockland, ME, USA).

Flow cytometry
--------------

Cells treated with ADI-PEG20 were harvested in cold PBS, fixed in 70% ethanol and stored at −20°C for at least 24 h. They were then washed and resuspended in propidium iodide/Triton X-100 staining solution containing RNase A. Flow cytometry was used to detect DNA content, and analyses of cell distribution in the different cell cycle phases were performed using FlowJo 7.5 (Tree Star, Inc., Ashland, OR, USA).

Real-time PCR
-------------

Total RNA was extracted using the RNeasy Mini kit (Qiagen, Crawley, UK) and retro-transcribed with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA, USA). Multiplex PCR was performed on an ABI Prism 7500 Real-Time PCR Instrument (Applied Biosystems). Primers and TaqMan probes for 18S and ASS1 were obtained from Applied Biosystems (TaqMan Gene Expression Assays).

Immunoblotting
--------------

Total protein extracts were prepared using NP40 cell lysis buffer (1% NP40, 50 mM Tris (pH 7.4), 150 mM NaCl) with Complete Protease Inhibitor Cocktail and phosSTOP tablets (Roche Diagnostics, Burgess Hill, UK). Whole-cell lysates were run on SDS-PAGE and transferred to PVDF membranes. All antibodies were purchased from Cell Signaling Technology (New England Biolabs Ltd, Hitchin, UK) except ASS1 (1 : 2500; BD Biosciences) and *β*-actin (1 : 20 000; Sigma-Aldrich). Immunoreactive bands were visualised by using Western Lightning Chemiluminescence Reagent Plus (Perkin Elmer, Cambridge, UK).

Statistical analysis
--------------------

GraphPad Prism version 5.0 was used to test results for statistical significance.
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![Lymphoid ASS1 immunostaining and methylation profiling. (**a**) Representative immunohistochemical stains for ASS1 as follows: ASS1-negative tonsillar lymphocytes; ASS1-negative FL, DLBCL, CTCL (Pautrier\'s microabcess) biopsies with internal positive controls (i.e., endothelial and epithelial cells); and an ASS1-positive MZL biopsy. Images were obtained using a Zeiss Axiophot microscope, magnification × 200, with Axiovision image acquisition software. (**b**) Differential methylation of the *ASS1* promoter in a panel of normal and malignant lymphoid cell lines and primary tissues. Quantitative methylation values (beta values) were obtained as previously described.^[@bib26]^ Beta values are reported for two CpG loci within the *ASS1* gene (373 bp 5′ to the TSS and 7 bp 3′ to the TSS). The overall incidence of CpG island methylation was increased in malignant compared with benign samples](cddis201283f1){#fig1}

![ASS1 status in normal and malignant lymphoid cell lines and sensitivity to ADI-PEG20. (**a**) Normal immortalised lymphoblastoid and lymphoma cell lines were screened for *ASS1* mRNA and protein expression by qPCR and western blotting, respectively; *ASS1* methylation was assessed using MS-PCR: HRC57, NcNc (normal lymphoblastoid cell lines); DoHH2, WSU, Karpas-422, RL2261 (FL cell lines); SUDHL-6, SUDHL-8, SUDHL-16 (DLBCL cell lines); Ramos (Burkitt\'s lymphoma cell line); and SeAx, MyLa (CTCL cell lines). The Jurkat leukaemia cell line was used as a positive control for ASS1 expression. A good correlation was observed between the methylation status of cell lines and the corresponding levels of *ASS1* mRNA and protein. (**b**) Cells were treated with the arginine-depleting drug ADI-PEG20 and harvested after 2 or 4 days. Cell counting and viability were determined using the Beckman Vi-Cell cell viability analyser. Increasing concentrations of ADI-PEG20 (concentration range: 0--500 ng/ml) decreased the number of ASS1-negative lymphoma viable cells with no change in the viability of ASS1-positive cell lines by day 4. For each cell line, the viability was expressed as a percentage of untreated cells at day 2; \**P*\<0.05 represents statistical difference to the baseline untreated cells for each cell line at each time point; ^§^*P*\<0.05 represents statistical difference at day 4 compared with day 2 for each cell line at each ADI-PEG20 concentration. The data are representative of three independent experiments. Error bars represent S.D.](cddis201283f2){#fig2}

![Induction of ASS1 expression in 5-Aza-dC-treated lymphoma cells confers resistance to ADI-PEG20. Identically treated and 5-Aza-dC (5 *μ*M)-untreated MyLa and SeAx cells were split into new flasks and treated with or without 500 ng/ml of ADI-PEG20 for a further 4 days. (**a**) *ASS1* promoter methylation was analysed using MS-PCR and PCR products resolved on a 2% agarose gel. For each treatment, unmethylated (U) and methylated (M) reactions are shown. (**b**) *ASS1* mRNA expression was quantified by qPCR. \**P*\<0.05 represents statistical significance compared with untreated cells for each cell line. (**c**) Detection of ASS1 expression by western blotting using a Jurkat cell line as an ASS1-positive control. (**d**) At the end of the 12-day experiment, cells were counted using the Beckman Vi-Cell cell viability analyser. \**P*\<0.05 represents statistical significance compared with untreated cells for each cell line. Error bars represent S.D. The data are representative of three or more independent experiments](cddis201283f3){#fig3}

![ADI-PEG20 induces caspase-dependent apoptosis in *ASS1-*methylated lymphoma cell lines. (**a**) The three cell lines were treated with ADI-PEG20 (0--500 ng/ml) for 4 days. Cells were then harvested and fixed in 70% ethanol for at least 24 h. The apoptotic fraction of cells, identified as the sub-G1 population of cell cycle was measured by flow cytometry with propidium iodide staining (described in Materials and Methods); \**P*\<0.05 represents statistical significance compared with untreated cells for each cell line; protein lysates from (**b**) NcNc (**c**) Karpas-422 and (**d**) MyLa cells treated with ADI-PEG20 (0--500 ng/ml) were analysed by western blotting for the expression of ASS1 and the detection of cleaved PARP and caspase-3](cddis201283f4){#fig4}

![ADI-PEG20-induced autophagy and its modulation by chloroquine in lymphoma cells. (**a**) Malignant lymphoid cells were treated with ADI-PEG20 (500 ng/ml) either alone or in combination with chloroquine (CQ, 25 *μ*M) and assessed for LC3-I and LC3-II levels by western blotting. (**b**) Follicular (Karpas-422) and CTCL (MyLa) lymphoma cells were treated with ADI-PEG20 and CQ for 72 h, and analysed for the subG1 fraction corresponding to apoptotic cells by flow cytometry; \**P*\<0.001. (**c**) Similarly, primary malignant B lymphoma and CTCL (Sezary syndrome) lymphoma cells were studied using the ViaLight assay. Doxorubicin was used as a positive control for lymphoma cell cytotoxicity. \**P*\<0.05, \*\**P*\<0.001. Error bars represent S.D.](cddis201283f5){#fig5}

![(**a**) ADI-PEG20 treatment of a patient with an *ASS1*-methylated CTCL. (**a**) Baseline appearance with marked skin oedema due to CTCL (Sezary syndrome). (**b**) Resolution of skin oedema after a single dose of ADI-PEG20 (160 IU/m^2^, i.m.). (**c**) Baseline tumour biopsy showing ASS1-negative CTCL cells, with skin appendageal and endothelial cells showing strong ASS1 expression ( × 400). (**d**) Methylated *ASS1* in the tumour biopsy confirmed by MS-PCR](cddis201283f6){#fig6}

###### ASS1 expression in normal and malignant lymphoid tissues.

  **Lymphoma subtypes**                                    **% ASS1-negative cases (*****n***)              **% ASS1 promoter methylation**[a](#t1-fn2){ref-type="fn"} (***n***)
  -------------------------------------------------------- ------------------------------------------------ ----------------------------------------------------------------------
  Normal tissue (spleen, reactive lymph node and tonsil)   85 (11/13)                                       0 (0/10)
  Follicular lymphoma                                      100 (38/38)                                      80 (8/10)
  Diffuse large B-cell lymphoma                            100 (66/66)                                      70 (7/10)
  Marginal zone lymphoma                                   96 (26/27)                                       70 (7/10)
  Burkitt\'s lymphoma                                      100 (8/8)                                        50 (3/6)
  Cutaneous T-cell lymphoma                                64 (18/28)                                       50 (5/10)
  Mantle cell lymphoma[b](#t1-fn3){ref-type="fn"}          98 (90/91; 31/32)[c](#t1-fn4){ref-type="fn"}     70 (7/10)
  Hodgkin\'s lymphoma[b](#t1-fn3){ref-type="fn"}           97 (173/179; 50/50)[d](#t1-fn5){ref-type="fn"}   70 (5/7)

Abbreviation: ASS1, argininosuccinate synthetase

Based on MS-PCR analysis of 6--10 samples

ASS1 expression in serial biopsies (baseline; relapse)

Single patient with ASS1-positive biopsy at baseline and relapse

No relapse biopsies available for baseline ASS1 expressors
